Fabrication of Ti3AlC2/Al2O3 nanocomposite by a novel method by Zhu J. et al.
Science of Sintering, 43 (2011) 289-294 
________________________________________________________________________ 
 
_____________________________ 
*) Corresponding author: taoyansuo@hotmail.com (J. Zhu). 
doi: 10.2298/SOS1103289Z  
  
UDK  621.927:661.183.8  
Fabrication of Ti3AlC2/Al2O3 Nanocomposite by a Novel Method 
 
J. Zhu*
), L. Ye, F. Wang 
(Key Laboratory of Auxiliary Chemistry & Technology for Chemical Industry, 
Ministry of Education, Shaanxi University of Science and Technology, Xi'an 710021, 
China) 
 
 
       
 
Abstract:   
A Ti3AlC2/Al2O3 nanocomposite was synthesized using Ti, Al, C and TiO2 as raw 
materials by a novel combination of high-energy milling and hot pressing. The reaction path 
of  the 3Ti-8C-16Al-9TiO2 mixture of powders was investigated, and the results show that the 
transitional phases TiC, TixAly and Al2O3 are formed in high-energy milling first, and then 
TixAly is transformed to the TiAl phase during the hot pressing. Finally, a reaction between 
TiC and TiAl occurs to produce Ti3AlC2 and the nanosized Ti3AlC2/Al2O3 composite is 
synthesized. The Ti3AlC2/Al2O3  composite possessed a good combination of mechanical 
properties with a hardness of 6.0 GPa, a flexural strength of 600 MPa, and a fracture 
toughness (K1C) of 5.8 MPa·m
1/2. The strengthening and toughening mechanisms were also 
discussed. 
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1. Introduction 
 
Ti3AlC2 ceramics have received interest as a potential aerospace material due to their 
many desirable properties such as low density, high melting temperature, good electrical 
conductivity, easy machinability at room temperature, and high oxidation resistance [1,2] 
While monolithic Ti3AlC2 ceramic has been successfully fabricated by various methods, 
including hot pressing or hot isostatic pressing of Ti, Al and C powders or Ti, TiC and Al 
mixture [3-5], Ti3AlC2 ceramic, like most ceramic materials, possesses a relatively low 
hardness and flexural strength, which limit its application as a structural component [6,7]. 
The most promising approach to toughen this ceramic may be to form a composite by 
adding other ceramic particles, fibre and so on [8,9]. It has been shown that the addition of 
Al2O3 can increase the hardness and strength of Ti3AlC2 as reported by Chen and Zhou [10]. 
However, defects occurred because of the high applied pressures, high temperatures, and long 
synthesis times that were needed. Moreover, some minor amounts of impurities such as TiC 
and Ti-Al intermetallics were still present in the bulk Ti3AlC2/Al2O3 composites [11]. 
High-energy ball milling is a powder metallurgy technique and one of the most 
promising technologies for obtaining compounds at room temperature. Recently, various 
ceramic compounds and composites have been synthesized by this method [12,13], though 
there are few examples of research on synthesize Ti3AlC2/Al2O3 with high-energy milling in 
the literature.  
In this work, a new technique, a combination of high-energy milling and hot pressing, has J. Zhu et al. /Science of Sintering, 43 (2011) 289-294 
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been used to fabricate Ti3AlC2/Al2O3 nanocomposites using Ti, Al, C and TiO2 as raw 
materials. The aim of the present work is to investigate the reaction process and various 
effects on the synthesis of the Ti3AlC2/Al2O3 nanocomposite. The room-temperature 
mechanical properties of the composite, including hardness, flexural strength, and fracture 
toughness, were measured and the strengthening mechanism was discussed as well. 
 
 
2. Experimental  
 
High purity powders of Ti (99.5wt.%, 53 µm), Al (99.5wt.%, 74 µm), TiO2 (anatase, 
99.5,~100 nm) and black carbon C (98wt.%, ~100 nm) were used as starting materials for the 
synthesis of Ti2AlC/Al2O3 composite. The nominal ratio of starting powders was determined 
in accordance with overall reaction equation: 
3Ti+8C+16Al+9 TiO2→4Ti3AlC2+6Al2O3                                (1) 
The mixed powders were high energy milled in a planetary ball mill under an argon 
protective atmosphere, using hardened steel ball-bearings as the milling media. The weight 
ratio of balls to powders was 12:1 and the rotation rate was 500 rpm. The powders were then 
hot pressed at a temperature range from 700 °C to 1300 °C in a vacuum furnace for 30 min.  
The density of the Ti3AlC2/Al2O3 composite was measured by the Archimedes 
method. The Vickers hardness was tested at a load of 5 N with a dwell time of 15 s. The 
flexural strength was measured using the three-point bending method with the size of the 
specimens being 3 × 4 × 36 mm
3 and the crosshead speed 0.5 mm/min. The fracture 
toughness was tested using single-edge notch beam (SENB) method with the specimen size of 
4 × 8 × 36 mm
3. The notch of 3 mm in length and 0.15 mm in width was machined by the 
electrical discharge method. The crosshead speed for the fracture toughness testing was 0.05 
mm/min. Phase analysis of the as prepared products was carried out on an X-ray 
diffractometer (XRD) with Cu Ka (Model Rigaku-D/Max-2200PC, Japan). The morphology 
and microstructure of the products were analyzed by scanning electron microscopy (SEM) 
(Model JSM-5600, Japan). 
 
 
3. Results and discussion 
 
Fig.1 shows XRD patterns of raw materials before and after high energy milling. The 
diffraction peaks of initial mixture of powders consist of Ti, Al and TiO2, and no diffraction 
peak of C appeared since carbon black is amorphous. From the XRD results, the powders 
milled for 24 h contained no discernible phases of the initial materials, which is due to a 
combination of consumption by reaction and the extremely small crystallite size after milling. 
Additionally, narrow, high intensity peaks are evident where the main phase peaks for TiC 
and Al2O3 are expected, indicating that those compounds were formed when TiO2 reacted 
with Al and C during the high-energy. However, the starting powders have not completely 
reacted in accordance with reaction (1), since there were no Ti3AlC2 peaks, and the remains of 
aluminum/Ti have been transformed to TiAl3 during milling. 
SEM micrographs of the as-milled powders are shown in Fig. 2. It can be clearly seen 
that the as-milled powders consist of two different sized particles. The fine grains are 
nanosized (marked 1 in Fig 2(a)), and the coarse ones are about 3 um (marked 2 in Fig 2(a)). 
The large sized particles may be attributed to the aggregation of fine particles with Ti-Al 
acting as a binder for TiC and other products. In addition, a large amount of heat was released 
from MSR, which can raise the temperature in a micro zone and “sinter” a small part of 
powders into coarse granules [6].  
The EDS results indicate that both the fine granular grains and the coarse ones are 
composed of similar elements of Ti, Al, C and O without much difference in chemical J. Zhu et al./Science of Sintering, 43 (2011) 289-294 
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content, indicating that the as-milled powders are very fine-grained and dispersed very 
uniformly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. XRD patterns of mixture of powders before and after milling. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) is the SEM image of the as milled powders  for 24 h; (b) is the high 
magnification of (a); (c) is the EDS spectra for the fine grains in Fig. 2. (a), and (d) for 
coarse particles marked “2”. 
 
Thus it can be concluded that the starting powders did not react in accordance with 
reaction (1) because there was no Ti3AlC2 phase present. As such, further investigation of 
heat treatment was conducted, and Fig.3 shows the XRD patterns of the hot-pressed samples 
with the as-milled powders at different temperatures ranging from 700 to 1300 °C. When the 
powders were hot pressed at 700°C for 30 min (Fig. 3b), the phases essentially unchanged, 
indicating that no obvious reaction occurred. With the sintering temperature increased to 
1100°C (Fig. 3c), the main phases changed to Ti3AlC2 and Ti2AlC, and the TiAl3 phase 
appeared while the TiC peak increased. The reactions in this stage can be shown as follows: J. Zhu et al. /Science of Sintering, 43 (2011) 289-294 
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Ti+3Al→TiAl3                                                            (2) 
2Ti+TiAl3→3TiAl                                                      (3) 
TiC+ TiAl→Ti2AlC                                                               (4) 
As the reaction (4) progressed, the content of TiC decreased quickly as Ti3AlC2 was 
produced according to the following equation: 
TiC+ Ti2AlC→Ti3AlC2                                                         (5) 
When the sintering temperature increased to 1200 °C (Fig. 2d), all of the peaks could 
be indexed using the reflections of Ti3AlC2 and Al2O3, while the disappearance of Ti2AlC 
indicates that equation (5) did take place. Further increasing the hot pressing temperature to 
1300
 °C resulted in decomposition of Ti3AlC2, into the TiC/Al2O3 composite (Fig. 2e). 
Thus, the raw materials first reacted to form nanosized Al2O3 and intermediate phases 
of TiC and Ti-Al during the high-energy milling. Then the Ti3AlC2 phase was produced 
through the interactions among TiC, TixAly and the residual Ti and Al in the subsequent hot 
pressing sintering, which together with Al2O3 formed the expected Ti3AlC2/Al2O3 composite. 
It is worth noting that the hot pressing temperature of 1200 °C in this study is much lower 
than that of 1500 °C in previous work [10], which is beneficial for decreasing the grain size of 
the synthesized materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. XRD patterns of the hot-pressed samples at different temperatures. 
The measured density of the Ti3AlC2/Al2O3 composite was 3.95 g/cm
3, which is about 
98 % of the theoretical density of Ti3AlC2/Al2O3. The Ti3AlC2/Al2O3 composite possessed a 
hardness of 6.0 GPa, a flexural strength of 680 MPa, and a fracture toughness (K1C) of 6.0 
MPa·m
1/2. Compared with the monolithic Ti3AlC2 fabricated by hot pressing 
0.5TiC/1.5Ti/1.0Al/0.5C in Ref. [5], the hardness and flexural strength are improved about 5 
% and 50 %, respectively, but the fracture toughness decreased. According to the results of 
previous work [10], the fracture toughness reaches a maximum value with 10 vol% content of 
Al2O3 in Ti3AlC2/Al2O3 composite, and then decreases dramatically. The Al2O3 content the in 
Ti3AlC2/Al2O3 composite of this study reached 38 %, which is much higher than that of 10 %, 
but research into obtaining the suitable value of Al2O3 content in the Ti3AlC2/Al2O3 composite 
is being conducted. 
SEM micrographs of the synthesized Ti3AlC2/Al2O3 fracture surface are shown in 
Fig. 4, and their corresponding chemical analyses are shown in Fig.5. From Fig.4a, the matrix 
phase of Ti3AlC2 consisted of a number of plate-like grains, and the thin slice shows the 
typical crystallite shape of the layered ternary compound of Ti3AlC2 [4]. The second 
reinforcing phase of Al2O3 dispersed uniformly throughout the material with nanosized 
particles which were much smaller than that in ref. [14] (Fig.4b). This difference is attributed 
to the high-energy milling, which synthesized Ti3AlC2 and Al2O3 at a low sintering 
temperature (1200 °C) with a short annealing period (30 min) resulting in a fine uniform J. Zhu et al./Science of Sintering, 43 (2011) 289-294 
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microstructure with few holes in final samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. SEM micrograph of the as synthesized Ti3AlC2/Al2O3 composite, (b) from the ref. [13]  
 
 
 
 
 
 
 
 
Fig. 5. EDS spectra for the Ti3AlC2/Al2O3 composite in Fig. 4. (a) EDS for fine 
grained powders marked “A”, and (b) for matrixs marked “B”. 
 
The fracture surface analysis of the Ti3AlC2/Al2O3 composite revealed that the 
fracture model was a typical brittle fracture including transgranular and intergranular 
cleavage. It can be inferred from the cleaved rough surface with pits caused by the removal of 
Al2O3 that the crack propagated on several planes with tortuous routes. When compared with 
the results of previous work [10], the strengthening effect of Al2O3 on the Ti3AlC2 in this 
work mainly results from the uniform microstructure and fine grain size. The nanosized Al2O3 
particles are in situ formed and dispersed along the grain boundaries of Ti3AlC2 matrix, which 
restricts the Ti3AlC2 grain growth and refines the whole microstructure of the Ti3AlC2/Al2O3 
composites. This is supported by the Hall-Petch strengthening theory [15] for composite 
materials, which states that mechanical properties improve with the decreasing of grain size.  
 
 
4. Conclusions 
 
A Ti3AlC2/Al2O3 composite was synthesized by high-energy milling and hot pressing 
using Ti, Al, C and TiO2 as raw materials. Due to the effect of high-energy milling, short 
processing time, low applied load, and nanostructural Al2O3 reinforced Ti3AlC2 was achieved. 
The results indicated that high-energy milling is a novel effective method for synthesizing 
nanosized Ti3AlC2/Al2O3 composites at the relatively low temperature of 1200 °C. The J. Zhu et al. /Science of Sintering, 43 (2011) 289-294 
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strengthening of the Ti3AlC2 matrix is mainly due to Al2O3 fine grain size and uniform 
dispersion throughout the microstructure.  
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Садржај:  Нанокомпозитни Ti3AlC2/Al2O3  синтетисан  је  комбиновањем  млевења  у 
високоенергетском  млину  и  топлим  пресовањем  користећи  титанијум,  алуминијум, 
угљеник  и  титанијум  диоксид  као  полазне  материјале.  Испитан  је  реакциони  пут 
смеше 3Ti-8C-16Al-9TiO2, и резултати показују да се у високоенергетском млину прво 
појављују  прелазне  фазе TiC, TixAly  и Al2O3,  потом  се TixAly  трансформише  у TiAl 
током  топлог  пресовања.  Коначно,  одиграва  се  реакција  између TiC и TiAl 
формирајући Ti3AlC2 и синтетише се Ti3AlC2/Al2O3 композит нано величине. Композит 
Ti3AlC2/Al2O3  одликује  се  добрим  механичким  својствима,  чврстином  од 0,6 GPa, 
отпорност на деформације од 600 MPa, и отпорност на лом. (K1C) од 5.8 MPa·m
1/2. 
Јачање и механизам очвршћавања су такође разматрани. 
Кључне речи: Ti3AlC2, Al2O3, млевење, нанокомпозити, појачање  
 